Hypothesis. Although several conventional therapeutic options for advanced renal cell carcinoma (RCC) are currently available, the unsatisfactory outcomes demand establishing more effective interventions. D-fraction (PDF), a bioactive proteoglucan of Maitake mushroom, demonstrates anticancer and immunomodulatory activities, which are also shown to be potentiated by vitamin C (VC). We thus hypothesized that a combination of PDF and VC (PDF + VC) could be an alternative approach to more effectively inhibit the growth of RCC. Study design. We examined the dose-dependent effects of PDF + VC on RCC cell viability and also performed biochemical assays to explore the growth regulatory mechanism. Methods. Human RCC, ACHN cell line, was employed and exposed to varying concentrations of PDF or VC and their combinations. Cell viability at specified times was determined by MTT assay. Lipid peroxidation assay, cell cycle analysis, and Western blot analysis were also performed. Results. PDF or VC alone led to the significant reduction in cell viability at 72 hours with PDF >500 µg/mL and VC ≥300 µM. When various combinations of PDF and VC were tested, the combination of the ineffective concentrations of PDF (300 µg/mL) and VC (200 µM) resulted in ~90% cell death in 24 hours. Lipid peroxidation assay then indicated significantly (~2.5 fold) elevated oxidative stress with this PDF + VC. Cell cycle analysis also indicated a G 1 cell cycle arrest following a 6-hour PDF + VC treatment. Western blots further revealed a downregulation of Bcl2, an upregulation of Bax, and proteolytic activation of PARP (poly[ADP-ribose] polymerase) in PDF + VC-treated cells, indicating induction of apoptosis. Conclusion. The present study demonstrates that the combination of PDF and VC can become highly cytotoxic, inducing severe cell death in ACHN cells. This cytotoxic mechanism appears to be primarily attributed to oxidative stress, accompanied by a G 1 cell cycle arrest. Such cell death induced by PDF + VC could be more likely linked to apoptosis, as indicated by the modulation of apoptosis regulators (Bcl2, Bax, and PARP). Therefore, as PDF and VC may work synergistically to induce apoptotic cell death, they may have clinical implications in an alternative, improved therapeutic modality for advanced RCC.
Introduction
As the incidence of renal cell carcinoma (RCC) has risen steadily for the past 3 decades in the United States, 1 radiographic images became widely available and revolutionized the diagnosis of RCC. Still, nearly 30% of these patients would present with metastatic disease at the time of diagnosis. 2 Although the primary treatment for localized RCC is surgical resection (nephrectomy), 30% to 40% of patients would have a recurrence leading subsequently to metastatic disease. 3, 4 The prognosis of those with metastatic RCC is poor, and its management/treatment is limited, resulting in a median survival of 6 to 12 months. 5, 6 Such a high rate of metastatic potential of RCC is a major concern, and establishing more effective surgical and medical treatments is urgently demanded. 7 Few reliable, effective treatments for metastatic RCC are currently available, because several strategies attempted in the past were rather ineffective and unsuccessful in the adjuvant setting, including surgical removal of distant metastasis, radiation therapy, chemotherapy, and immunotherapy. 2, 3 Only immunotherapy with interferon-α and/or interleukin-2 was somewhat effective thus far, having response rates of 15% to 25% in trials. 8, 9 Yet, this is far from the satisfactory results we are aiming for.
Recent advances in understanding the genetics, biochemistry, and molecular biology of RCC have led to various novel targeted treatments to attain higher response rates. 7, 10 Those include allogeneic stem cell transplantation, 11 tumor vaccines, 12 or targeting tumor antigens 13, 14 and specific biochemical pathways. 15 For instance, nonmyeloablative stem cell transplantation involves an infusion of a peripheral blood stem cell allograft from an HLA (human leukocyte antigen)-identical sibling. 11 Tumor vaccines may help enhance host immunity using therapies such as autologous or donor dendritic cells. 12 Targeting antigens involve chimeric monoclonal antibody, G250, recognizing CA-IX antigen abundantly expressed in the clear cell type of RCCs 13 and another antibody, bevacizumab, targeting VEGF to inhibit tumor angiogenesis. 14 Moreover, certain agents and antibodies could be used to target specific signal transduction pathways (PI3K/AKT, Ras/Raf/MEK, etc). 15 However, all these innovative approaches are yet investigational or experimental and their actual efficacy needs to be properly assessed through further studies and trials.
Meanwhile, we were interested in exploring an unconventional but more effective therapeutic modality for RCC using natural agents/substances, although sufficient scientific studies have not been performed on most of them. Yet several studies scientifically demonstrated biological significance of some natural agents. Particularly, one of the medicinal mushrooms, Maitake (Grifola frondosa), has been extensively studied. 16 Its antitumor activity was demonstrated in tumor-bearing mice, 17 through activation of various immune effectors including macrophages, cytotoxic T-lymphocytes, natural killer cells, and so on. 18 Recently, induction of apoptosis by this Maitake extract (D-fraction) was also reported in breast cancer cells. 19 Such a bioactive component of Maitake extract has been identified as β-glucan (proteoglucan), a protein-bound polysaccharide, with a molecular weight of ~1 × 10 6 Da. 16 Accordingly, it was of our interest to investigate whether this mushroom β-glucan might have a growth inhibitory effect on an RCC model in vitro, as a possible complementary and alternative approach.
Materials and Methods

Cell Culture
The human renal carcinoma ACHN cells were maintained in RPMI-1640 medium containing 10% fetal bovine serum, penicillin (100 units/mL), and streptomycin (100 µg/mL). Standardized D-fraction (PDF) was a gift from the manufacturer (Mushroom Wisdom, Inc). For experiments, ACHN cells were seeded at the initial cell density of 2 × 10 5 cells/ mL in 6-well plates or T-75 flasks and cultured with varying concentrations of PDF or in combination with vitamin C (VC) for specified times.
Cell Viability Assay
Cell viability was determined by MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide) assay following the vendor's protocol (Sigma-Aldrich, St Louis, MO) with minor modifications. Briefly, at the harvest time, MTT reagent (0.5 mg/mL) was added to all wells in the 6-well plate, which was then incubated for 3 hours. After the MTT reagent was removed from all wells, DMSO (dimethyl sulfoxide) was added to each well to dissolve the formazan crystals. Absorbance of fomazan solution was read in a microplate reader, and cell viability was expressed as percentage of viable cell number relative to the control reading (100%).
Lipid Peroxidation (LPO) Assay
Possible damage in the plasma membrane under oxidative stress was assessed by LPO assay measuring the formation of malondialdehyde (MDA), an end product from peroxidation of polyunsaturated fatty acids in the plasma membrane. 20 The detailed procedures were described in the vendor's protocol (Calbiochem, Albuquerque, NM), and the amount of MDA formed was expressed in micromolar concentrations determined from the MDA standards.
Cell Cycle Analysis
A BD FACScan flow cytometer (Franklin Lakes, NJ), equipped with a double discrimination module, was employed for cell cycle analysis. Approximately 1 × 10 6 cells were resuspended in 500 µL of propidium iodide solution (containing 20 µg/mL propidium iodide, 0.2 mg/mL RNase, 0.2 mg/mL EDTA, 0.5% NP-40) and incubated at room temperature for 1 hour. Ten thousand nuclei were analyzed for each sample, and CellFit software (BD) was used to quantify cell cycle compartments and estimate cell cycle phase fractions.
Western Blot Analysis
The procedures essentially followed the protocol described previously. 21 Briefly, cell lysates were obtained from control and agent-treated cells by "freeze-thaw" in liquid nitrogen. An equal amount of cell lysates (7 µg) was first subjected to 10% SDS-polyacrylamide gel electrophoresis and then transferred to a nitrocellulose membrane. The blot (membrane) was incubated for 90 minutes with the primary antibodies against Bcl2, Bax, or poly(ADP-ribose) polymerase (PARP; Santa Cruz Biotechnology, Santa Cruz, CA), followed by a 30-minute incubation with the secondary antibody conjugates. The specific immunoreactive protein bands were then detected by chemiluminescence following the manufacturer's protocol (KPL, Gaithersburg, MD).
Statistical Analysis
All data were presented as mean ± SD (standard deviation), and statistical differences between groups were assessed with either 1-way analysis of variance (ANOVA) or the unpaired Student's t test. Values of P < .05 were considered to indicate statistical significance.
Results
Effects of PDF or VC on ACHN Cell Viability
ACHN cells were cultured with varying concentrations of PDF (0-1000 µg/mL) or VC (0-700 µM), and cell viability was determined at 72 hours. PDF was capable of inducing ~40% and ~65% reduction in cell viability at 700 and 1000 µg/mL, respectively ( Figure 1A ). VC also showed significant viability reduction as its concentrations increased, resulting in ~16%, ~52%, and >90% viability reduction at 300, 500 and 700 µM, respectively ( Figure 1B) . These results suggest that both PDF and VC could exhibit the cytotoxic effects on ACHN cells at their relatively high concentrations.
Synergistic Cytotoxic Effect of Combination of PDF and VC
As it has been postulated that VC could modulate the bioactivity of β-glucan including PDF, 22 this possibility was tested next. We examined if the cytotoxic effect (on ACHN cells) could be potentiated with various combinations of PDF and VC. Interestingly, such studies revealed that severe (~90%) cell death was attained with the specific combination of 300 µg/mL PDF and 200 µM VC in 24 hours ( Figure 2 ). Since neither 300 µg/mL PDF nor 200 µM VC alone had any effects (Figure 1) , both agents must have worked synergistically to become highly cytotoxic, inducing such profound cell death.
Oxidative Stress Exerted by PDF and VC Combination (PDF + VC)
To understand how a specific combination of PDF (300 µg/ mL) and VC (200 µM) would become highly cytotoxic, we examined the possible involvement of oxidative stress. As we observed cell blebbing (vesicle formation) preceding cell death induced by this PDF + VC combination, it was indicative of the cells under oxidative stress. LPO assay was then performed to test this possibility, by measuring the amount of malondialdehyde (MDA) formed in the plasma membrane due to oxidative stress. 20 The MDA levels following PDF + VC treatment rose significantly with time; for instance, the MDA level after 6-hour PDF + VC exposure was ~2.5-fold greater than that in controls, indicating extensive plasma membrane damage through oxidative stress (Figure 3 ). Thus, these results illustrate that PDF + VC can exert oxidative stress on ACHN cells, ultimately leading to cell death.
To confirm such PDF + VC-mediated oxidative stress, some common free radical scavengers, including reduced glutathione (GSH; 500 µM), catalase (CTL; 1 unit/mL), superoxide dismutase (SOD; 100 units/mL), or mannitol (Mann; 20 mM), were tested to determine if they might be able to prevent cell death by abolishing oxidative assault. Cells were cultured with PDF (300 µg/mL) + VC (200 µM) in the presence of these scavengers for 24 hours and cell viability was assessed. Both GSH and CTL were capable of effectively (>90%) preventing cell death, whereas SOD or Mann were ineffective ( 
Effects of PDF + VC on Cell Cycle
To explore how oxidative stress exerted by PDF + VC would ultimately lead to cell death, cell cycle analysis was performed to unveil the early cellular event that had been modulated by PDF + VC. After cells were cultured with or without combination of PDF (300 µg/mL) and VC (200 µM) for 6 hours, cell cycle analysis was performed. Compared with control cells, those exposed to PDF + VC displayed a 60% decrease in the S-phase cell number with a concomitant 42% increase in the G 1 -phase cells (Figure 4 ). This accumulation of cells in the G 1 phase, due to a blockade of the cells entering from the G 1 to the S phase, is known as a G 1 cell cycle arrest that subsequently results in a growth cessation. Thus, it is plausible that such a disruption of cell cycle with PDF + VC would cause growth inhibition that leads to ultimate cell death.
Effects of PDF + VC on Apoptosis Regulators
We further explored if PDF + VC-induced cell death would be linked to apoptosis (programmed cell death). Cells were treated with or without PDF + VC for 12 hours and analyzed for expressions of 3 key apoptosis regulators on Western blots. Such study revealed that PDF + VC treatment led to a downregulation (reduced expression) of antiapoptotic Bcl2, an upregulation (elevated expression) of pro-apoptotic Bax, and proteolytic activation (through degradation) of PARP ( Figure 5 ). Thus, the modulation of these specific regulators with PDF + VC suggests that cell death induced by this combination may follow apoptosis.
Discussion
In search for a safer, more effective treatment for RCC, with its high recurrence rate, we investigated the potential effects of a combination of mushroom proteoglucan (PDF) and vitamin C (VC) on the growth of human renal carcinoma ACHN cells. PDF and VC, each when applied by itself, led to the significant reduction in cell viability at relatively high concentrations (Figure 1 ). However, when the various concentrations of PDF and VC were combined, the specific combination of ineffective PDF (300 µg/mL) and VC (200 µM) was capable of inducing severe (~90%) cell death (Figure 2 ). This was thus indicative of a synergistic potentiation of PDF + VC becoming highly cytotoxic to ACHN cells.
To gain an insight into PDF + VC cytotoxicity, the possible role/involvement of oxidative stress was examined by performing LPO assay and employing certain antioxidants. LPO assay clearly indicated that PDF + VC could extensively exert oxidative stress on ACHN cells (Figure 3 ). In addition, among several antioxidants tested, both GSH and CTL (known as H 2 O 2 scavengers) were capable of almost completely preventing cell death induced by such oxidative stress ( Table 1) , implying that H 2 O 2 could be specifically responsible for ACHN cell death. Thus, oxidative stress appears to account for the primary cytotoxic mechanism of PDF + VC.
However, oxidative stress (via H 2 O 2 ) exerted by PDF + VC in this study may raise some concern for their potential clinical or therapeutic utility, because H 2 O 2 or other free radicals could cause nonspecific, random damage to normal as well as malignant cells. Yet, it has been shown that malignant cells were more vulnerable to H 2 O 2 (or other free radicals) than normal cells. 23 The reasons for such a selective or differential effect of H 2 O 2 remain unclear, but several evidences suggest that it may result from the inherent difference in tissue-specific antioxidant enzymes. For example, CTL and glutathione peroxidase (detoxifying H 2 O 2 to H 2 O) have been shown to often be deficient or to have significantly lower activities in malignant tissues than in normal tissues. 24 Moreover, reduced expressions of CTL and SOD have been also found in prostate cancer specimens, compared with those in normal or benign prostatic hyperplasia specimens. 25 It thus is plausible that a difference in antioxidant enzyme activity between normal (nonmalignant) and malignant cells may account for their different susceptibility to H 2 O 2 . In the present study, it is thus possible that the amount of H 2 O 2 generated by PDF + VC could be sufficiently cytotoxic to kill cancer (ACHN) cells (due to a low antioxidant enzyme activity) but would not be cytotoxic to or even harm normal cells (due to a high enzyme activity). More studies are required for the role of antioxidant enzymes in cytotoxic action of PDF + VC. Prior to cytotoxic cell death induced by PDF + VC, a G 1 cell cycle arrest could be a prerequisite for a growth cessation, ultimately leading to cell death. In fact, such cell death appears to follow apoptosis, indicated by uniquely modulated expressions of apoptosis regulators (Bcl2, Bax, and PARP; Figure 5 ). It is then possible that oxidative stress exerted by PDF + VC could primarily interfere with the cell cycle and induce apoptosis. Nevertheless, as the efficacy of PDF + VC must still be assessed on actual RCC cases, our next study will focus on the PDF + VC effects on animals bearing RCC (in vivo). It is also worthwhile mentioning the clinical relevance of PDF and VC. The US Food and Drug Administration has exempted PDF from a phase I study of toxicology and also approved it for the Investigational New Drug application for a phase II pilot study on advanced cancer patients. 26 Although the physiologically achievable concentration of PDF has not been established at present, a daily oral intake of 60 mg PDF is currently recommended/used in the volunteer-based clinical trials. It is certainly interesting to perform an animal study to assess how much this 60 mg PDF intake would be close to "300 µg/mL" used in this study. On the other hand, a recent phase I clinical study showed that the intravenous infusion of mega-dose VC in cancer patients reached plasma concentrations greater than 10 mM (without any adverse effects). 27 This indicates that "200 µM VC" (in vitro) can be indeed physiologically achievable. Thus, both PDF and VC appear to be practical and promising agents that show potential in treatment of RCC.
Conclusion
The present study demonstrates that combination of PDF and VC can be synergistically potentiated to become highly cytotoxic to ACHN cells, resulting in severe cell death. Such cytotoxicity is primarily attributed to oxidative stress accompanied by a G 1 cell cycle arrest that could ultimately lead to apoptosis. Therefore, PDF and VC may have clinical implications in an alternative, improved, and safer therapeutic modality for advanced RCC. Further studies are warranted.
